The oomycete Phytophthora infestans causes late blight, the potato disease that precipitated the Irish famines in 1846 and 1847. It represents a reemerging threat to potato production and is one of >70 species that are arguably the most devastating pathogens of dicotyledonous plants. Nevertheless, little is known about the molecular bases of pathogenicity in these algae-like organisms or of avirulence molecules that are perceived by host defenses. Disease resistance alleles, products of which recognize corresponding avirulence molecules in the pathogen, have been introgressed into the cultivated potato from a wild species, Solanum demissum, and R1 and R3a have been identified. We used association genetics to identify Avr3a and show that it encodes a protein that is recognized in the host cytoplasm, where it triggers R3a-dependent cell death. Avr3a resides in a region of the P. infestans genome that is colinear with the locus containing avirulence gene ATR1 NdWsB in Hyaloperonospora parasitica, an oomycete pathogen of Arabidopsis. Remarkably, distances between conserved genes in these avirulence loci were often similar, despite intervening genomic variation. We suggest that Avr3a has undergone gene duplication and that an allele evading recognition by R3a arose under positive selection.
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microsynteny ͉ Phytophthora infestans ͉ hypersensitive response ͉ linkage disequilibrium ͉ hemibiotroph P hytophthora infestans causes late blight, the devastating potato disease responsible for the Irish famines in the mid1840s (1) . For decades, disease control has involved regular applications of agrochemicals, although recent widespread occurrence of new fungicide-resistant strains has led many to consider this pathogen as a reemerging threat to global food security (2, 3) . It is one of Ͼ70 Phytophthora species that are arguably the most devastating pathogens of dicotyledonous plants. Other economically important phytophthoras include Phytophthora sojae, cause of soybean root rot; Phytophthora palmivora, cause of cocoa black pod; Phytophthora cinnamomi, cause of dieback and root rot in Ͼ2,000 plant species; and the recently identified Phytophthora ramorum that is decimating oak trees in the United States and throughout Europe (4) . Despite a fungus-like filamentous growth habit, they are related to brown algae in the kingdom Stramenopiles (5) . Whereas fungal pathogenicity has been intensively studied, little is known about the molecular genetics of oomycete pathogenicity or about pathogen molecules that are recognized by host defenses (1, 4) .
Over the last 75 years, potato breeders have introduced at least 11 late blight resistance (R) alleles from Solanum demissum into the cultivated potato (6) . The products of R alleles recognize the products of corresponding avirulence (Avr) alleles in races of P.
infestans, triggering disease resistance and a localized programmed cell death called the hypersensitive response (HR). Recently, the potato R3 locus was shown to contain two tightly linked genes, R3a and R3b, with distinct specificities (7) . R3a has since been cloned and encodes a presumed cytoplasmic coiledcoil nucleotide binding site leucine-rich repeat protein (8) . Although several P. infestans Avr loci have been genetically mapped (1, 9) , no Avr genes have yet been reported, mainly due to difficulties encountered with positional cloning, such as high levels of repetitive DNA and aberrant segregation at the target locus. Our knowledge of the molecular basis of race evolution in this pathogen is thus limited.
Many AVR proteins from fungal plant pathogens possess N-terminal type II signal peptides (SPs) for secretion and exhibit significant sequence variation between pathogen races. Thus, Avr alleles in virulent races of the tomato pathogen Cladosporium fulvum (10, 11) and the barley pathogen Rhynchosporium secalis (12) contain SNPs yielding secreted proteins that do not elicit HR on plants containing corresponding R alleles. We therefore predicted (13) that a candidate gene approach of screening ESTs for genes encoding secreted proteins, followed by association genetic [linkage disequilibrium (LD)] studies, would be an alternative route to identify P. infestans Avr genes.
A strategy for predicting Phytophthora extracellular protein (pex) genes was reported that identified 142 such genes from P. infestans (14) . One EST, Pex147 (encoding a 147-aa protein; GenBank accession no. BE776395), was similar to a P. sojae gene, avr1b, encoding an elicitor of HR in soybean plants containing Rps1b (15) . The PEX147 protein product was found in P. infestans culture filtrate, demonstrating that it was secreted (14) . We used an association genetics approach to show that Pex147 was likely to be Avr3a in P. infestans and confirmed that this was the case by transient expression of alleles of the gene in potato genotypes containing a variety of R genes and by coexpression of Avr3a and R3a in Nicotiana benthamiana. collection (Table 1 , which is published as supporting information on the PNAS web site). DNA was prepared by using the DNeasy plant minikit (Qiagen, Valencia, CA). PCR primers (Pex147F, 5Ј-CCATGCGTCTGGCA AT TATGCT-3Ј; Pex147R, 5Ј-CTGAAAACTAATATCCAGTGA-3Ј) were used to amplify Pex147 from each isolate. PCR products were purified by using the QIAquick PCR purification kit (Qiagen) and were directly sequenced by using the Applied Biosystems Bigdye v3.1 Terminator sequencing kit or used to generate a radiolabeled probe for hybridization to the P. infestans bacterial artificial chromosome (BAC) library (see below).
Analyses of P. infestans BAC Clones, BAC Sequencing, and Annotation.
Hybridization of coding sequences (CDSs) (PCR-amplified by using primers shown in Table 2 , which is published as supporting information on the PNAS web site) and Pex147 to the P. infestans BAC library and BAC DNA preparations were as described in ref. 16 . Pi-BAC-61F2 (GenBank accession no. AC146942) was sequenced at the Broad Institute (Cambridge, MA). Pi-BAC-35J4 (accession no. AJ893356) and Pi-BAC-49P21 (accession no. AJ893357) were sequenced at The Wellcome Trust Sanger Institute. BAC sequencing and assembly were essentially performed as described in ref. 17 . Clones were sequenced to 8-fold coverage and finished.
Annotation was performed by using ARTEMIS software (18) . Functional assignments were based on assessment of BLAST Analyses of Transcript Levels. Maintenance of P. infestans isolate 88069; preparation of nonsporulating mycelium, sporangia, zoospores, germinating cysts, and germinating cysts developing appressoria; and inoculations of potato were carried out as described in refs. 21 and 22. For real-time RT-PCR, material was prepared, RNA extracted, and experiments conducted as described previously by using the actA gene from P. infestans as a constitutively expressed endogenous control (21) . Real-time RT-PCR primers for Pex147 were 5Ј-CGCCATAAACTTTG-CAACCA-3Ј and 5Ј-TGCCGGCTGAATCGTGTAT-3Ј (amplicon size ϭ 92 bp), primers for Pex147-2 were 5Ј-GGTGGCAG-CACAAGAGGC-3Ј and 5Ј-GCAGCTATTGTAGATCCG-ATTGTATC-3Ј (amplicon size ϭ 104 bp), and primers for Pex147-3 were 5Ј-TTGGTGGCAGCACAATGGT-3Ј and 5Ј-CCCAGGTGCATCAGGTAGCT-3Ј (amplicon size ϭ 120 bp). Repeated amplifications, on independent occasions with different cDNA samples, resulted in similar expression profiles.
Expression Constructs, Particle Cobombardment, and AgrobacteriumInfiltration Experiments. The pex147 ORF was PCR-amplified from heterozygous P. infestans isolate SC95-1.1.2 (Table 1) by using primers 5Ј-CACACCATGGGTCTGGCAATTA-3Ј (introducing an NcoI site at the 5Ј end) and 5Ј-GTTTCAG-CATCTAGAATCGGATTTTCTG-3Ј (introducing an XbaI site at the 3Ј end) and cloned into pRTL2 (23) for particle cobombardment and primers 5Ј-GGAAATCGATTCTCTCAGCTC-CCCAGGGTTCCAC-3Ј (introducing a ClaI site at the 5Ј end) and 5Ј-GGAAGCGGCCGCCACGAGCGTTTCAGCAGTT-AGAATCGG-3Ј (introducing a NotI site at the 3Ј end) for cloning into potato virus X-Agrobacterium tumefaciens binary vector pGR106 (24) . The alleles were cloned without SPencoding sequences into pRTL2 by using additional primer 5Ј-GGAACCATGGACCAAACCAAGGTCCTGG-3Ј and into pGR106 by using additional primer 5Ј-GGAAATCGATATG-GACCAAACCAAGGTCCTGGTG-3Ј, introducing methionine in place of isoleucine at position 22 [predicted to be the SP cleavage site by using SIGNALP (www.cbs.dtu.dk͞services͞ SignalP)]. PCR products digested with NcoI and XbaI or ClaI and NotI were ligated into pRTL2 or pGR106 (respectively), electroporated into Electromax DH10B Escherichia coli, and selected on LB ampicillin (pRTL2) or LB kanamycin͞ tetracycline (pGR106) by using standard protocols. Individual clones were sequenced to ensure that errors had not been introduced.
Biolistic cobombardment was performed by using the Bio-Rad PDS-1000͞He Biolistic Particle Deliver y System. Onemicrometer gold particles were coated with 0.83 g͞mg each pRTL2::gfp and pRTL2 expressing test sequences. Leaves from 4-to 6-week-old potato plants were cut down the midrib. Half-leaves from cv. Bintje or cv. Craigs Royal lacking either R gene-mediated (r) or field resistances to P. infestans were cobombarded alongside half-leaves from potato genotypes containing R3a (cv. Pentland Ace), R3b (SW8563-0182), R1 (cv. Craigs Snow White), R2 (1512c [16] ), or R10 (3681ad [1] ) to receive similar quantities of particles. Transgenic cv. Desireé containing R3a (T68.4-002) was similarly screened with adjacent nontransgenic cv. Desireé, which, again, lacks either R genemediated or field resistances to P. infestans. Half-leaf pairs were cobombarded at 1,550 psi and incubated in light for 20-24 h at 20°C followed by 18-24 h in dark at 20°C. The half-leaves were imaged by using a Bio-Rad MRC 1000 confocal laser scanning microscope, and GFP was excited by using blue laser light at 488 nm. Numbers of GFP-fluorescing cells were quantified. For each half-leaf pair, the percentage of GFP fluorescence was determined, and the figure for the R gene-containing cultivar was divided by that observed on Bintje, yielding a GFP fluorescence ratio. For each line, three leaf pairs from independent plants were cobombarded with pRTL2::gfp and pRTL2 expressing each test sequence. A further three leaf pairs were bombarded with particles coated with pRTL2::gfp alone. These experiments were repeated, and the means and standard deviations are presented in Fig. 4 .
Agrobacterium infiltration was performed in N. benthamiana by using Agrobacterium tumefaciens strain AGL0 carrying the pBINplus::R3a construct (8) 103 or Avr3aE 80 M 103 constructs were resuspended to a final OD of 0.133 and infiltrated into 5-to 6-week-old leaves with a 3-ml syringe. Symptom development was monitored starting from 3 days after infiltration.
Results and Discussion
Identification of Avr3a Through Association Genetics. Primers were designed to PCR-amplify Pex147 from 55 P. infestans strains isolated from countries in Europe and North and South America that had been virulence-tested on potato genotypes containing 9 of the 11 S. demissum R genes. After sequencing the PCR products, only three SNPs were found, changing amino acids S19C, E80K, and M103I (Fig. 1) . These SNPs revealed only two alleles that showed 100% correlation with virulence phenotype on cv. Pentland Ace, containing R3a ( (S-E-M) allele. The possibility that the observed association resulted from genetic hitchhiking (26) was considered; Pex147 could simply be closely linked to Avr3a rather than the gene itself. In sexual populations, hitchhiking decreases with physical distance because of recombination. After hybridization of Pex147 to a P. infestans BAC library (16), BAC clones were identified from which SNPs flanking the gene were sought to investigate the region of LD. The sequence of Pi-BAC-49P21 revealed Pex147 and two additional Pex147-like sequences (Fig. 1) . A further Pex147-like sequence contained a frameshift mutation and was annotated as a pseudogene (Fig. 2) . The occurrence of SNPs 9.6 kb upstream and 10.9 kb downstream of Pex147 (Fig. 2) in 10 P. infestans isolates showed no association with the Avr3a-R3a phenotype (Table 1) , indicating breakdown in LD and ruling out the Pex147-2 and Pex147-3 paralogues as candidate Avr3a genes. Within the 20-kb region defined by these SNPs, only four additional CDSs were identified (results not shown), none of which encoded proteins with SPs, and Pex147 was thus selected as the most likely Avr3a candidate.
Pex147 Is Up-Regulated Before and During Potato Infection. Realtime RT-PCR was used to investigate the expression of Pex147 and the flanking Pex147-2 and Pex147-3 paralogues in P. infestans preinfection cell types (sporangia, zoospores, germinating cysts, and germinating cysts forming appressoria) and infected susceptible potato cv. Bintje 12, 24, 33, 48, 56 , and 72 h postinoculation (hpi). Expression of each gene was compared with the ActA gene from P. infestans, which has been used as a constitutively expressed endogenous control (21, 22) . Although PCR products of expected sizes were generated for Pex147-2 and Pex147-3 from genomic DNA template, no products were detected from cDNA templates in the case of Pex147-3, and expression was only weakly detected in the case of Pex147-2 and only in cDNA from axenic cultured, nonsporulating mycelium. In contrast, expression of Pex147 was readily detectable in preinfection and infection stages and, in these samples, was compared with the level of its expression in a calibrator sample, cDNA from cultured nonsporulating mycelium, which was assigned the value of 1.0. Pex147 was up-regulated Ͼ100-fold in germinating cysts developing appressoria and showed elevated levels of expression throughout infection, with an early peak of expression at 24 hpi, in the biotrophic phase of infection, and Ͼ200-fold elevation of expression at 72 hpi, in the necrotrophic phase of the interaction (Fig. 3) . Repeated amplifications on independent occasions with different cDNA samples resulted in similar expression profiles. The up-regulation of Pex147 immediately before and during potato infection supports a potential role in pathogenicity. In contrast, the failure to detect such expression of the flanking Pex147-2 and Pex147-3 paralogues supports the LD analysis, ruling them out as Avr3a candidates.
Coexpression in Potato of Pex147 Alleles with gfp Demonstrates That
Pex147 Is Avr3a. The S-E-M (virulent) and C-K-I (avirulent) alleles of Pex147 and each allele truncated to remove SPencoding sequences (and thus lacking the S19C polymorphism) were transiently expressed in potato genotypes lacking a late blight R gene (cv. Bintje or cv. Craigs Royal) or containing R3a, R3b, R1, R2, and R10. In each case, transient expression of the alleles involved biolistic cobombardment with a second vector expressing gfp as a marker of cell vitality. Similar approaches were used to indicate and quantify HR triggered by Avr genes from the bacterium Pseudomonas syringae (27) , the fungus Magnaporthe grisea (28) , and the oomycete H. parasitica (29) . There was no reduction in GFP fluorescence on leaves from any plants cobombarded with alleles possessing SP-encoding sequences, relative to that observed when GFP was bombarded alone (data not shown). Furthermore, no difference in GFP fluorescence was seen in leaves from Bintje or Craigs Royal compared with plants containing R3b, R1, R2, or R10 that were cobombarded with alleles lacking SP-encoding sequences (Fig.   Fig. 1 . Protein alignments and phylogeny of AVR3a, avr3a, and PEX147-like paralogues. (A) Multiple alignment (using www.ebi.ac.uk͞clustalw) of predicted proteins (AVR3a and avr3a) derived from the Avr3a (avirulent) and avr3a (virulent) alleles (initially termed Pex147) with those from the two paralogous P. infestans Pex147-2 and Pex147-3 sequences and the AVR1b protein from P. sojae. The N-terminal type II SP (first 21 aa) and the RXLR motif, found also in the H. parasitica ATR1 NdWsB protein (32) , are underlined. The locations of the three amino acid polymorphisms are indicated by numbers above the amino acids. (B) Maximum likelihood estimation of the phylogeny of Avr3a, avr3a, and Pex147-like paralogues using a nucleotide alignment based on the amino acid alignment in A. The tree was constructed by using DNAML from the PHYLIP package, with the P. sojae Avr1b sequence (AAM20934) as an outgroup. Bootstrap values from 1,000 random resamplings of the data are indicated. The alignment supports the closer evolutionary relationship of the Avr3a allele, rather than the avr3a allele, to the flanking Pex147-2 and Pex147-3 paralogues. 4). However, a 5-fold reduction in GFP fluorescence was observed in Pentland Ace (R3a) cobombarded with the truncated K-I sequence, indicating a reduction in vital cells consistent with triggering HR (Fig. 4) . This analysis was extended to transgenic Desireé expressing R3a (8) . A dramatic reduction in GFP fluorescence was observed only with the truncated K-I sequence in the presence of the R3a transgene (Fig. 4) , and Pex147 was renamed Avr3a.
Coexpression of Avr3a and R3a in N. benthamiana. We also assessed whether Avr3a triggers R3a-dependent HR by using agrobacterium infiltration in another solanaceous plant, N. benthamiana. Coinfiltration of N. benthamiana leaves with an A. tumefaciens strain carrying a construct expressing R3a and a strain carrying a construct expressing the truncated K-I Avr3a sequence resulted in a confluent cell death response (Fig. 5) . In contrast, coinfiltration of the R3a strain with a strain carrying a vector expressing the truncated E-M avr3a sequence, or infiltrations of the individual A. tumefaciens strains and other controls, failed to elicit visible cell death (Fig. 5) .
Cobombardment of Avr3a alleles and gfp in R3a-containing potato genotypes and coexpression of Avr3a alleles and R3a in N. benthamiana each indicated recognition of the C-K-I AVR3a form by R3a. Moreover, AVR3a was recognized after removal of SP-encoding sequences, indicating that recognition occurs in the host cytoplasm and is likely to depend on one or both of the E80K and M103I polymorphisms, because the S19C polymorphism is within the SP. Cytoplasmic recognition of AVR3a is consistent with the presumed cytoplasmic localization of R3a (8) . Intracellular recognition of avirulence proteins from plant pathogenic bacteria (27) and fungi (28, 30) has been demonstrated, and here we report that cytoplasmic recognition is also the case for the oomycete AVR3a protein. Bacterial effector proteins, some of which are perceived by R proteins and are thus termed AVR proteins, are often translocated into plant cells by a type III secretion system (T3SS), where they interact with and manipulate host defenses (31) . No T3SS-like systems have yet been identified in hemibiotrophic or biotrophic fungi or oomycetes, but it is perhaps likely that specialized systems exist for delivering effector proteins into host cells to manipulate defense pathways. The results for AVR3a contrast with the P. sojae AVR1b protein, which elicited an HR upon extracellular infil- Table 2 for primers) from each P. infestans sequence hybridized to the P. infestans BAC library (16) did not indicate colocalization of these sequences elsewhere in the genome (data not shown). The block of LD defined by primers 9.6-kb upstream and 10.9-kb downstream of Avr3a (initially termed Pex147) is indicated, as are the flanking Pex147-2 and Pex147-3 paralogues and a Pex147-like pseudogene (Pex147p). tration (15) . However, it is possible that infiltration of large quantities of protein could lead to uptake of AVR1b into the host cell through endocytosis.
Analysis of Avr3a and ATR1 NdWsB Loci Reveals Conservation of Microsynteny. Analysis of Ͼ250 kb spanning Avr3a revealed a surprising finding: Several CDSs were strikingly similar to CDSs flanking ATR1 NdWsB (32) in H. parasitica (Table 2) , suggesting similar gene content in these avirulence loci. Genes encoding methylenetetrahydrofolate dehydrogenase (MTD), a RAS-like protein, F-actin capping protein, and 3-isopropylmalate dehydratase (3-IPMDH) (Fig. 2) were colinear in the two loci and similar distances apart, although they were apparently inverted relative to other genes. It is interesting to note that MTD-and dimeric dihydrodiol dehydrogenase-encoding sequences are duplicated in P. infestans, and this duplication may have coincided with inversion ( Fig. 2) . Three intact copies of Pex147 and a Pex147-like pseudogene again indicate gene duplication in P. infestans, and, if extended with similar frequency throughout the genome, such duplication would contribute significantly to global gene redundancy. This phenomenon is marked in the yeast Debaryomyces hansenii and distinguishes it from other yeasts (33) . Three Lon protease (LON)-encoding sequences in H. parasitica, two of which are partial sequences and, therefore, possibly pseudogenes, indicate that gene duplication is not exclusive to P. infestans in this ancestral locus (Fig. 2) . ATR1 NdWsB (32) and Avr3a share little sequence similarity but are in strikingly similar locations in their respective loci and are flanked on one side by one or more LON-encoding sequences and on the other side by vacuolar proton ATPase subunit (Hϩ PUMP)-and myb-encoding genes (Fig. 2) . The Hϩ PUMP-and myb-encoding genes are again similar distances apart and are also transcriptionally inverted, suggesting numerous structural rearrangements in the Avr3a and ATR1 NdWsB loci. Remarkably, the distances between intact LON sequences and the myb-or Hϩ PUMP-encoding sequences are also similar, suggesting that an unknown mechanism of positional conservation has acted at sites within these oomycete genomes, between which are regions of variation. A similar phenomenon has been noted in studies of conservation of synteny between rice and Arabidopsis thaliana (34) . Although recently grouped together in the Peronosporales based on molecular phylogenies (35), P. infestans and H. parasitica are not particularly closely related (36) . Considering the high sequence diversity observed in the Peronosporales, the colinearity is therefore notable.
Within these colinear loci, the avirulence genes have apparently evolved differently. In H. parasitica, considerable allelic variation was observed in ATR1 NdWsB (32) . In P. infestans, gene duplication and divergence has provided a mechanism for generating variation in Avr3a-like sequences, and numerous synonymous and nonsynonymous nucleotide polymorphisms distinguish these genes. The avr3a allele is distinguished from the Pex147-2 gene by 10 synonymous and 22 nonsynonymous polymorphisms and is distinguished from Pex147-3 by 8 synonymous and 20 nonsynonymous polymorphisms. The Pex147-2 and Pex147-3 paralogues are distinguished from each other by 9 synonymous and 21 nonsynonymous polymorphisms (Fig. 1) . ( f) . Typically, more GFP-expressing cells were observed on R gene-containing genotypes when gfp was bombarded alone than on adjacent Bintje leaves (a-e), resulting in GFP fluorescence indexes Ͼ1 (where 1 is the average total GFP fluorescence on Bintje). In each histogram, the average GFP fluorescence index is presented after coexpression with Avr3a (light gray) or avr3a (dark gray) and expression of gfp alone (white). Nevertheless, only two alleles of Avr3a were observed in 55 P. infestans individuals, and the SNPs distinguishing them all result in nonsynonymous amino acid substitutions, suggesting that diversifying selection, perhaps driven by coevolution with host plants, has acted on this gene. Interestingly, diversifying selection has also acted on the R3a gene (8) and its paralogues, suggesting a coevolutionary ''arms race'' between R3a and Avr3a. The amino acids specific to AVR3a (C 19 K 80 I 103 ) are shared with PEX147-2, and two are shared with PEX147-3. The absence of other SNPs, or of selectively neutral SNPs between Avr3a and avr3a, suggests that the virulent allele arose from an avirulent progenitor sequence under positive selection (Fig. 1) .
The allelic diversity in the ATR1 NdWsb (32) and Avr3a genes are in stark contrast, and it should be noted that H. parasitica isolates were derived from natural populations coevolving with wild A. thaliana, whereas P. infestans isolates were largely obtained from cultivated potato in countries distant from Mexico, a center of diversity for the pathogen. It is well documented that P. infestans underwent a series of extreme genetic bottlenecks during its panglobal distribution (37) , and a lack of allelic diversity in Avr3a may reflect this. It will thus be interesting to compare Avr3a allele frequency and diversity in natural Mexican P. infestans populations with those found in agricultural populations elsewhere.
Conclusions
We report the use of association genetics to identify the P. infestans Avr3a gene and show that its product is recognized in an R3a-dependent manner in the host cytoplasm. Analysis of the Avr3a locus revealed unexpected conservation of synteny with the locus containing ATR1 NdWsB in H. parasitica. This colinearity supports comparative genomics as an approach to investigate the evolution of pathogenicity in oomycetes. The isolation of R3a (8) and Avr3a represents an opportunity for detailed investigation of the earliest recognition events in a potato-P. infestans R-AVR interaction and of subsequent signaling pathways leading to disease resistance. It also opens a door to studies of molecular mechanisms potentially underlying the biotrophic and necrotrophic phases of the P. infestans infection cycle. The current economic importance of this pathogen and its roles in the history of Ireland and in the establishment of the field of plant pathology means that this investigation is a significant step forward in applied and fundamental late blight research.
